Abstract On 31 May 2013 several rising tone electromagnetic ion cyclotron (EMIC) waves with intervals of pulsations of diminishing periods were observed in the magnetic local time afternoon and evening sectors during the onset of a moderate/large geomagnetic storm. The waves were sequentially observed in Finland, Antarctica, and western Canada. Coincident electron precipitation by a network of ground-based Antarctic Arctic Radiation-belt Dynamic Deposition VLF Atmospheric Research Konsortia and riometer instruments, as well as the Polar-orbiting Operational Environmental Satellite (POES) electron telescopes, was also observed. At the same time, POES detected 30-80 keV proton precipitation drifting westward at locations that were consistent with the ground-based observations, indicating substorm injection. Through detailed modeling of the combination of ground and satellite observations, the characteristics of the EMIC-induced electron precipitation were identified as latitudinal width of 2-3°or ΔL = 1 R e , longitudinal width 50°or 3 h magnetic local time, lower cutoff energy 280 keV, typical flux 1 × 10 4 el cm À2 sr À1 s À1 > 300 keV.
Introduction
Electron precipitation driven by electromagnetic ion cyclotron (EMIC) waves in the Pc1-Pc2 range (0.1-5 Hz) has been suggested as a significant loss mechanism for outer radiation belt fluxes of electrons in the 1-5 MeV energy range [Millan and Thorne, 2007] . Information about EMIC waves can be obtained from satellites and by ground-based instrumentation [Erlandson et al., 1996] . There are two principal regions where EMIC waves are found, close to the outer edge of the plasmasphere on the duskside of the Earth [Fraser and Nguyen, 2001] , and at high latitudes on the dayside [Usanova et al., 2008] . The first group of EMIC waves, occurring near the plasmapause, is at the right L shells to interact with outer radiation belt electrons in the 3 < L < 6 range and provide an electron loss pathway. Wave-particle cyclotron resonance interactions between the EMIC waves and <100 keV energy proton populations are likely to be ubiquitous, while under certain conditions, anomalous cyclotron resonance may also drive electron precipitation into the atmosphere. However, although proton precipitation (30-80 keV) coincident with EMIC wave occurrence has been observed [Søraas et al., 2005; Sandanger et al., 2007] , electron precipitation driven by EMIC waves has been much more difficult to characterize [e.g., Rodger et al., 2008] . ~30 keV. However, the presence of the medium energy electrons is at odds with theoretical studies, which suggest precipitation energies of~1 MeV [Thorne and Kennel, 1971; Kersten et al., 2014 , and references therein], and do not account for potential proton contamination in the electron channel, which is now known to be significant for the POES Space Environment Monitor-2 (SEM-2) instrument [Yando et al., 2011] .
At relativistic electron energies (>1 MeV), bursts of precipitation have been observed by SAMPEX and are commonly referred to as precipitation bands [Blake et al., 1996] . The precipitation bands that occur during active geomagnetic conditions have been associated with EMIC waves [Bortnik et al., 2006, and references therein] . The bands are detected in the afternoon dusk sector during geomagnetic storms and have a correspondence with the radial location of the plasmapause [Imhof et al., 1986] . Precipitation bands typically span a few degrees in latitude and increase in magnitude and occurrence during the main phase of storms, particularly at L shells consistent with the inner edge of the outer radiation belt [Blum et al., 2015] .
EMIC-driven energetic electron precipitation into the atmosphere has been detected using the technique of subionospheric radio wave propagation by Rodger et al. [2008] . In that study Rodger et al. [2008] analyzed a small group of events detected using subionospheric radio wave propagation techniques to show that the electron precipitation events driven by EMIC-IPDP waves occurred close to the location of the duskside plasmapause (L~4.4) and during moderate geomagnetic activity (Kp~4). The electron precipitation was assumed to have a monoenergetic spectrum of~2 MeV, partly to explain the subionospheric radio wave signatures and partly to explain the lack of any riometer signatures. No satellite data was compared with the ground-based data shown.
Miyoshi et al.
[2008] undertook a case study of electron precipitation using the POES SEM-2 telescopes. During a proton aurora that was observed from the ground in September 2005, POES flew through the region above and detected >800 keV electron precipitation. Ground-based magnetometer data indicated the presence of hydrogen band EMIC waves with 0.5-0.9 Hz frequency. With a magnetic latitude that was close to the plasmapause at the time, both proton and electron precipitation were confirmed, but they had different latitudinal width in agreement with theoretical estimates made by Jordanova et al. [2007] . The observations were a clear confirmation that ions with energies of tens of keV can affect the evolution of relativistic electrons in the radiation belts via cyclotron resonance with EMIC waves.
Later, Carson et al. [2013] investigated the POES SEM-2 data set using an algorithm that identified EMIC-driven events when low-energy (30-80 keV) proton precipitation was present at the same time as high-energy electron precipitation (~1 MeV) and when no high-energy proton precipitation was observed (which could cause false positive identifications). Carson et al. [2013] found that electron precipitation was observed on the duskside (16-02 magnetic local time (MLT)) and on or just outside of the plasmapause. The precipitation events were associated with periods of increased geomagnetic activity, and as showed, an 11 year solar cycle dependence on the levels of geomagnetic activity, peaking during the declining phase when coronal interaction regions are most prevalent. However, no clear description could be made of the energy spectrum of the precipitation or the size of the precipitation region (other than it being relatively narrow in L shell). No ground-based data was compared with the satellite data shown.
Further analysis of the POES EMIC database showed two populations of precipitation event, one with a lower energy cutoff of >400 keV and a second with <400 keV (A. T. Hendry, C. J. Rodger, M. A. Clilverd, T. Raita, Lower Energy cut-off limits of EMIC wave-driven energetic electron precipitation, submitted to Geophysical Research Letters, 2015) . The first type is predicted by anomalous cyclotron resonance [Thorne and Kennel, 1971; Albert and Bortnik, 2009] , while the second type is predicted by nonresonant scattering (L. Chen et al., Non-resonant interactions of electromagnetic ion cyclotron waves with relativistic electrons, submitted to Journal of Geophysics Research Space Physics, 2014). Rising tone hydrogen band EMIC waves can drive nonlinear resonances with electrons as low as 500 keV [Omura and Zhao, 2013] . However, a simulation using CRRES EMIC wave power showed that only electron energies of >5 MeV would be lost from the radiation belts through precipitation into the atmosphere . Thus, there is uncertainty in the published literature as to the mechanisms involved in EMIC-induced electron precipitation, as well as the range of electron energies that would be involved.
In this study we analyze in detail an 8 h period of data during which EMIC waves were observed by three ground-based magnetometer sites, subionospheric radio wave perturbations were seen at several Antarctic Arctic Radiation-belt Dynamic Deposition VLF Atmospheric Research Konsortia (AARDDVARK)
Journal of Geophysical Research: Space Physics 10.1002/2015JA021090 locations, and energetic electron precipitation events were detected by an EMIC-scattering algorithm applied to POES SEM-2 observations. The period analyzed here is from 18:00 UT on 31 May 2013 until 02:00 UT on 1 June 2013. The observations are summarized, intercomparisons made between instrument responses, and the energetic electron precipitation characteristics inferred. We confirm the previous observations of electron precipitation by EMIC-IPDP waves, provide an estimate of the lower cutoff of the electron energies involved, and determine the precipitation fluxes entering the atmosphere.
Experimental Setup
To study the energetic electron precipitation fluxes into the atmosphere we use narrow band subionospheric very low frequency (VLF) and low-frequency (LF) data spanning 19-38 kHz received sites that are part of the AARDDVARK network ( [Clilverd et al., 2009] for further information see the description of the array at www. physics.otago.ac.nz/space/AARDDVARK_homepage.htm). The subionospheric radio waves come from VLF/LF transmitters that are stable in amplitude and frequency and thus provide good quality signals for the analysis of perturbations caused by changes in the Earth-ionosphere waveguide driven by electron precipitation. Figure 1 shows the location of the transmitters (circles) and receivers (diamonds) involved in this study as well the great circle subionospheric propagation paths between them. The propagation paths typically span the range of 3 < L < 6 and are thus sensitive to electron precipitation driven by EMIC waves occurring close to the plasmapause, which is typically located at L~4-5 (indicated by contour lines on the map).
The EMIC wave observations are provided by three sites. In the northern hemisphere we make use of the Finnish array of pulsation magnetometers, focusing on the Oulu magnetometer located at L~4.4 , and the CARISMA induction coil magnetometers, focusing on Fort Smith, Canada at L = 6.8 . In the southern hemisphere we use pulsation magnetometer data from Halley, Antarctica [Engebretson et al., 2008] , which is located at L~4.5. The approximate locations are shown in Figure 1 (blue squares). We concentrate on the frequency range of 0.1-1 Hz, in which Pc1-Pc2 and IPDP waves are known to occur. 
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In this study we also make use of particle measurements by the SEM-2 instrument package on board the POES spacecraft which are in Sun-synchronous orbits at~800-850 km altitudes [Evans and Greer, 2004] . SEM-2 includes the Medium Energy Proton and Electron Detector, in addition to the Total Energy Detector. Together these instruments monitor electron fluxes from 50 eV up to 2700 keV. The POES SEM-2 instrument has been comprehensively described in Rodger et al. [2010] , and so we will just note here that it provides measurements of the trapped and precipitating particle populations with 2 s time resolution. We use the algorithm described in Carson et al. [2013] to detect EMIC-driven precipitation during the study period, noting that Carson et al. were not able to unambiguously link the events detected in that study with ground-based signatures of EMIC waves and thus defined their events as proton precipitation associated relativistic electron precipitation events (PPAREP).
Results
The background geomagnetic conditions for the period studied here are shown in Figure 2 . The study period straddles the onset of a moderate/large geomagnetic disturbance, with Kp rising from 2 before 16:00 UT on 31 May to Kp~7 by 00:00-03:00 UT on 1 June 2013. Solar wind speed shows an increase at~16:00 UT on 31 May, with a weak shock event seen at 15:32 UT by SOHO. The solar wind density rises gradually 
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from~16:00 UT, with high-density values occurring toward the end of the day. During the actual study period shown in Figure 2 , the solar wind speed, solar wind density, and geomagnetic activity levels remain relatively unchanging. However, the substorm index, AL [Juusola et al., 2011] , shows several features that could be substorm signatures occurring during the beginning of the study period, and we particularly note the one evident at~20:00 UT on 31 May as a sharp decrease of~130 nT followed by a gradual recovery lasting about 1 h.
EMIC Wave Observations
Search coil magnetometer (SCM) observations from Oulu (Finland), Halley (Antarctica), and Fort Smith (Canada) from 18:00 to 24:00 UT on 31 May are shown in Figure 3 . Wave power is shown over the frequency range of 0-1 Hz. The main features that can be observed at all three sites are EMIC-IPDP waves, with elements rising from 0.1 to~0.5 Hz. The IPDP features are initially seen at Oulu at~20:30 UT (~22:00 MLT), with Halley responding after 21:00 UT (~18:15 MLT), and Fort Smith farther west responding after~21:30 UT (~13:30 MLT). The IPDP features are significantly more distinct in the Halley data. We show Fort Smith data here (L~6.8), although we note that the L~4.5 site at Ministik Lake shows the same features at the same time as Fort Smith but is less clearly identified because of local noise conditions. The frequency range over which the EMIC-IPDP waves are observed is appropriate for cyclotron resonance with O + band ions [Engebretson et al., 2008] . This is consistent with previous observations of an increased generation of oxygen band EMIC waves during geomagnetic storms [Braysy et al., 1998 ].
The timing of the EMIC waves is potentially associated with the motion of low-energy ions drifting westward from an injection region near MLT midnight, crossing~8.5 h of MLT in about 1.5 h, suggesting a drift period at L~4.5 of~4.5 h and a proton energy of~30-60 keV, assuming a pitch angle of 45°. This proton energy is the energy expected to be involved in the generation of EMIC waves, with a drift motion expected for substorminjected protons from a nightside injection region [Spasojevic and Fuselier, 2009] . The occurrence of the substorm observed at~20:00 UT in the AL index in Figure 2 is consistent with the observations presented here. As electrons injected during a substorm drift eastward from the midnight injection region, there is no expectation of any substorm-driven electron precipitation on the duskside, i.e., where we observe the EMIC waves, unless the EMIC waves are generating the electron precipitation themselves. Figure 4 shows a map of the POES SEM-2 precipitating >300 keV electron fluxes for orbits which occurred during 21:15-22:00 UT on 31 May 2013. Enhanced fluxes can be seen in between the L = 4 and L = 5 contours shown on the map. The fluxes of >300 keV electrons within the contours are typically 1 × 10 4 el cm À2 sr À1 s À1 . Using the algorithm developed by Carson et al. [2013] , the POES SEM-2 data set was analyzed over the same period. Several positive identifications of PPAREP events were made, and the insert of Figure 4 shows the L shells and MLT values overplotted on a cartoon of the wave-particle interaction regions adapted from Summers et al. [2007] . The events appear to be located in a range of MLT and occur on L shells that are parallel to the plasmapause, consistent with the larger sample of events shown in Carson et al. [2013] . The events were observed at geographic longitudes that are similar to those ground-based sites shown in Figure 1 , i.e., longitudes around the Weddell Sea region ranging from~0°E tõ 315°E in the southern hemisphere. The four events are clustered within ±15 min of 21:32 UT but span an MLT range from 18:00 to 21:00 MLT, suggesting that a region covering~3 h in MLT is simultaneously experiencing electron precipitation.
PPAREP Observations
Recent studies have extended the analysis of POES SEM-2 electron precipitation events identified by the Carson et al. [2013 ] algorithm (A. T. Hendry et al., submitted to, 2015 . Using the calibrated, decontaminated, and integral POES electron precipitation flux measurements at >30, >100, >300, and >700 keV [Yando et al., 2011] , an energy spectrum and flux magnitude can be calculated for each event. Because of the integral flux measurements, it is possible for all four of the SEM-2 channels to register enhanced fluxes even if the energy distribution is limited to energies considerably higher than the nominal energy range for that channel. This could explain the observations of >30 keV EMICdriven fluxes reported by Yahnina et al. [2003] , although proton contamination is a possibility in that case [Yando et al., 2011] . Of the four PPAREP events identified and plotted in Figure 1 , three provided real solutions to the flux and spectral gradient calculations (A. T. Hendry et al., submitted to, 2015) . The electron energy spectral gradient (k) of the EMIC-IPDP event at 21:30 UT was k = À2.3, with the lowest energy present given as 280 keV and the highest as >5 MeV. In section 4.2 we will combine the PPAREP 
AARDDVARK Observations
The AARDDVARK network has a large number of receivers, which typically record narrowband signals from 10 or so transmitters [Clilverd et al., 2009] . In this study we focus on individual paths that cover the L shell ranges that pass under the magnetic field line footprints of the plasmapause region (L~3-5). Figure 5 shows the phase and amplitude of the GVT transmitter (UK) received at Sodankylä, Finland, during the study period. The nondisturbed amplitude and phase variations are represented by the dashed lines. Phase and amplitude variations are near nondisturbed levels until~21:00 UT, when a large negative amplitude perturbation and a rapidly changing negative/positive phase perturbation are observed, labeled (a). The characteristics of the amplitude perturbation are very similar to those previously reported by Rodger et al. [2008] , i.e., an amplitude change of À12 dB associated with EMIC-driven electron precipitation on a UK-Finland path. We report, for the first time, the phase change of~±25°observed with the EMIC event (indicated by red lines). Both the amplitude and the phase perturbations develop very quickly, reaching a maximum within 15 min of the first signs of deviation away from the nondisturbed levels. The geographic longitude range of the section of the GVT-SGO path that intersects the L = 4 and L = 5 contours (see Figure 1 ) is stated in Figure 5 , indicating the longitude sector where the path is most likely to be responding to EMIC-driven electron precipitation [Carson et al., 2013] .
The phase data from four additional paths are presented in Figure 6 . The format of the panels is the same as for Figure 5 . The panels represent paths that are shown in Figure 1 , and perturbations are labeled (a)-(d) in time ascending order. The longitude range of the section of the path intersecting L = 4-5 is shown, with the top-left graph (GVT, UK to Ny Ålesund, Svalbard) being the most easterly path and the bottom-right graph (NPM, Hawaii to Halley, Antarctica) being the most westerly. However, because the NPM-Halley propagation path lies within the L = 4 and L = 5 contours for~100°of longitude to the west of Halley, the integrated phase effect along that bit of the path makes perturbation (c) by far the largest event of the four. Perturbation (a), coincident with the EMIC wave seen at Oulu at 21:00 UT, is observed in all panels other than NPM-Halley, suggesting that electron precipitation is occurring over a longitude range of 55 ± 10°, i.e., from Europe (14°E-25°E) to the Atlantic south of Greenland (320°E-340°E),but not farther west. The phase perturbation is typically 25°in each of the paths. Perturbations (b), (c), and (d) are 
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only observed on some of the paths. The NRK, Iceland to St. John's, Newfoundland, path is unusual in that it shows all of the perturbations, including perturbation (b) at 21:30 UT, which is the time of the first strong IPDP EMIC wave seen at Halley and the time of the POES-identified PPRAREP signatures. We note here that the conjugate point of Halley is close to the NRK, Iceland to St. John's, Newfoundland, path as shown in Figure 1 by the yellow triangle.
Analysis of the NLK-Churchill subionospheric path (see Figure 1) indicates a clear phase perturbation at 22:00 UT (not shown). This timing is consistent with the start of the IPDP activity seen at Ministik Lake/Fort Smith in western Canada. As shown in Figure 1 , the NLK-Churchill propagation path passes close to the Ministik site, and together they confirm the suggestion of an IPDP-induced precipitation region moving westward.
The time variation of the Halley SCM Pc1-Pc2 wave power in the range of 0.05-0.5 Hz, the Halley riometer absorption, and the NRK-St. John's phase perturbation for the study period are shown in Figure 7 . We use NRK-St. John's due to the similarity of the longitude range at L = 4-5 compared with that of Halley. The vertical lines indicate the same times as in previous figures along with the same labeling given to features in the panels. Both the SCM and riometer measurements are made essentially overhead of the detectors at Halley (with fields of view that are 100 s of km, centered on the instrument), while the NRK-St. John's path responds to propagation conditions in the region conjugate to Halley as shown in Figure 1 . Thus, it would appear from Figure 7 that perturbation (a) is not observable from Halley on any instrument, while perturbation (b) is seen by the SCM and riometer and therefore must be close to Halley or just to the east. Perturbation (c) at 22:45 UT is observed west and east of Halley in the AARDDVARK data, overhead at Halley in the riometer data, but does not have a clear association with any specific EMIC wave feature at Oulu or Halley. Perturbation (d) is clearly observed in the riometer data overhead of Halley, also in the conjugate AARDDVARK data, and appears to be associated with an increase in Pc1-Pc2 wave power observed at Oulu and Halley. However, the broadband nature of the Pc1-Pc2 wave power (as shown in Figure 3 ) is not consistent with EMIC wave activity but more suggestive of a geomagnetic disturbance. However, although only some specific features coincide in the data plotted in Figure 7 , there is overall similarity in all of the panels where the Halley SCM, riometer absorption, and AARDDVARK phase perturbation data show increased activity levels from~21:30 UT lasting until~00:30 UT the next day.
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Calculating EMIC-Driven Electron Precipitation Characteristics
Using the Long Wave Propagation Code (LWPC) [Ferguson and Snyder, 1990] , we have calculated the VLF wave propagation from the transmitters of interest to their respective receivers. In LWPC the transmitted wave propagates in the Earth-ionosphere waveguide, with the lower boundary given by a surface conductivity map. The upper boundary condition is provided by a D region electron density altitude profile. We use a Wait ionosphere, where the electron number density (i.e., el m 3 ), N e , increases exponentially with altitude z and is defined in terms of a sharpness parameter β and a reference height h′ [Wait and Spies, 1964] . The β and h′ of the ambient ionosphere are provided by the analysis of Thomson et al. [2007] , Thomson and McRae [2009] , and Thomson et al. [2011] and depend on the time of day being modeled.
Initially, complete days of observations were compared with the LWPC output, in order to give confidence that the D region modeling parameters (β and h′) were appropriate for each path. Then β and h′ were systematically varied over the part of the path that spanned L = 4-5 during the time of the EMIC event, i.e., ΔL = 1, in order to compare the calculated phase and amplitude changes with the observed perturbation values on 31 May 2013. The latitudinal separation between L = 4 and L = 5 contours is about 3°, which is consistent with the width of EMIC precipitation bands observed by SAMPEX [Blum et al., 2015] . The β and h′ of the rest of the path were kept the same as the nondisturbed case. Figure 8 shows the comparison between LWPC calculations and the GVT-Sodankylä observations on 30 May 2013, which we use as a representative nondisturbed day. In both of the phase and amplitude panels the observed values are indicated by the solid line, while the LWPC results are represented by the diamonds. A vertical dashed line indicates 21:00 UT, which is the time of the EMIC-driven perturbation shown in Figure 5 . The panels show that the LWPC modeling is capturing the nondisturbed diurnal variation in phase and amplitude and that at 21:00 UT, the LWPC background β and h′ values should be representative of the undisturbed ionosphere. The phase value at 21:00 UT also suggests that the propagation path can be considered to be day lit, as the decrease toward typical nighttime values has not started at that time. The lower two panels show the variation of the phase and amplitude perturbations from the nondisturbed values as β and h′ are varied within a range that is expected to occur as a result of electron precipitation. The initial nondisturbed values of β and h′ were β = 0.32 km À1 and h′ = 76 km. At 21:00 UT the GVT amplitude shown in Figure 5 is perturbed by À12 dB;
Analysis of Event (a)
at the same time the phase rapidly changes from a perturbation of À25°to +25°(indicated by red lines). The two lower panels of Figure 8 indicate that these conditions are met when h′ =~64 km, although it is unclear which β value is most appropriate. Similar analysis (not shown) of the other three northern hemisphere paths that respond to the electron precipitation associated with this event also suggests that h′ = 64 ± 1 km at the peak of the event but also provides little β information. This analysis therefore indicates that EMIC-driven precipitation has lowered the reference altitude from~76 km tõ 64 km, but it is unclear what exact electron density profile exists around that altitude. At 64 km, the most likely energy of electron precipitation that would produce excess ionization is~300 keV [Turunen et al., 2008] .
Analysis of Event (b)
The second EMIC-IPDP event occurs at 21:30 UT and is observed by the magnetometer and riometer instruments at Halley and the AARDDVARK path that passes close to the Halley conjugate location in the northern hemisphere (NRK-St. John's). The Halley AARDDVARK data from NPM Hawaii show only an onset of disturbance in phase and amplitude at 21:30 UT rather than a peak in effect, although this is consistent with electron precipitation initially only influencing a small part of the 13,387 km long propagation path, i.e., electron precipitation only occurring overhead of Halley at that time and not to the west. Using LWPC
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as before, we find that the NRK-St. John's phase perturbation of~40°(as shown in Figure 6 ) is reproduced by an h′ = 64 km, consistent with electron precipitation energies of~300 keV.
We can combine the information gained from the AARDDVARK observations, Halley riometer, and the POES SEM-2 precipitation channels to investigate this event more closely. Using the energy spectrum information given by POES as described in section 3.2, we can model the electron density profile that would be generated overhead of the Halley riometer. We do this using the ionosphere model described in Rodger et al. [2012] . Figure 9 (left) shows the results from the calculations, where the flux of electron precipitation with an energy spectrum of k = À2.3 and an energy range of 280 keV to 5 MeV was varied over a wide range of flux values and the resulting 30 MHz riometer absorption calculated following the method described in Rodger et al. [2012] . The observed absorption value of 0.4 dB is highlighted by a green circle and is generated by an electron flux of 1 × 10 4 el cm À2 s À1 sr
À1
. This flux level is consistent with the observed fluxes reported by POES during the event. Figure 9 (right) shows electron density profiles for the ambient 
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D region profile (black line) and the profile that would be generated by the precipitation required to give 0.4 dB riometer absorption in Figure 9 (left) (ΔCNA, red line). The background D region profile is given by a combination of nighttime β and h′ values [Thomson et al., 2007] and the International Reference Ionosphere model, again following the techniques described in Rodger et al. [2012] . The blue lines show two electron density profiles based on Wait ionospheres defined by β and h′ values as labeled. Over the altitude range that the reflection of oblique VLF waves would be occurring (50-70 km), there is good agreement between the ΔCNA profile and h′ = 63-64 km, β = 0.3 km À1 . The h′ of the ΔCNA profile confirms the h′ found by analysis of the AARDDVARK phase and amplitude perturbations (h′ = 64 ± 1). In addition, the analysis suggests that β = 0.3 km À1 is the most likely value for the sharpness parameter-something that the analysis of the AARDDVARK data was unable to determine accurately in this study.
Thus, we have shown that an EMIC-IPDP wave in the oxygen band is capable of precipitating electrons with energies as low as~300 keV. A distinct population of events with this sort of unusually low lower-energy cutoff has recently been found, where the population occurred~20% of the time in an extensive database of EMIC events (A. T. Hendry et al., submitted to, 2015) . Saikin et al. [2014] undertook a statistical study of EMIC waves observed by the Van Allen Probes mission and found that oxygen band waves occurred iñ 11-13% of EMIC events. Although the MLT distribution of oxygen band EMIC waves observed by Saikin et al. [2014] shows no preference toward the evening sector position seen here, it may be that the lowcutoff-energy population (<400 keV) is preferentially caused by Oxygen band EMIC waves.
Analysis of Events (c) and (d)
The largest phase perturbation occurs during events (c) and (d) on two of the AARDDVARK paths, peaking at 22:45 UT on the NRK-St. John's path close to the Halley conjugate location and on the NPM-Halley path looking west of Halley. The Halley riometer also shows a distinct peak in absorption at about 22:45-23:00 UT, with the largest absorption value observed during the study period (0.5 dB). Phase perturbations of~25°on the GVT-Ny Ålesund path,~50°on the NRK-St. John's path, and 280°on the NPM-Halley path are modeled by LWPC with h′ = 64-65 km and in the case of NPM-Halley β = 0.6 km
À1
. The reason why the NPM-Halley path has such a large phase perturbation compared with the other paths is due to the large part of the propagation path that lies within the L = 4-5 contours (see Figure 1) , consistent with the LWPC modeling, assuming that the whole of that part of the path is affected by electron precipitation. However, the interpretation of event (c) is more difficult than for events (a) and (b). Observations suggest that overhead, as well as east and west, of Halley longitudes (and Halley conjugate longitudes), electron precipitation fluxes were increasing following a recovery from event (b) at 21:30 UT. At 22:45 UT almost all observations made in the longitude range studied here (>120°) show a peak of response. However, no clear EMIC wave can be identified, and Figures 3 and 7 suggest that EMIC wave power, although elevated, is actually decreasing at the time. Thus, if EMIC-driven precipitation does occur around 22:45 UT, it is likely to be contributing to only a fraction of the perturbation levels observed, and another process is acting as well.
Event (d) is also observed by the riometer at Halley with an absorption level of 0.5 dB, and on the NRK-St. John's AARDDVARK path, as a short-lived, sharp-peaked phase perturbation. However, both search coil magnetometers at Halley and Oulu suggest that the event is only accompanied by broadband Pi1-Pi2 wave power and thus is not an EMIC wave event. The electron precipitation seems localized to Halley and Halley conjugate longitudes, but the driving mechanism is unclear, although the occurrence of strong Pi1-Pi2 ULF noise and coincident riometer absorption is consistent with the onset of a geomagnetic storm [Engebretson et al., 2008] .
Discussion and Summary
During the onset of a moderate geomagnetic storm, several rising tone EMIC-IPDP waves were observed in the evening sector with coincident detection of electron precipitation by ground-based AARDDVARK and riometer instruments. At the same time the POES SEM-2 particle precipitation telescopes detected 30-80 keV proton and 280-5000 keV electron precipitation at locations that were consistent with the ground-based observations. The latitude of the electron precipitation is consistent with the location of the evening sector plasmapause (L~4). The detection of electron precipitation occurred in an east to west order in both hemispheres, consistent with the drift of 30-80 keV substorm protons injected close to magnetic midnight and drifting westward.
Through a combination of ground and satellite observations, the characteristics of the electron precipitation were identified as the following:
1. latitudinal width of 2-3°or ΔL = 1 R e , 2. longitudinal width of~50°or 3 h MLT, 3. lower cutoff energy of 280 keV, 4. upper cutoff energy of >5 MeV, and 5. typical flux 1 × 10 4 el cm À2 sr À1 s À1 > 300 keV.
We find that the lower cutoff energy of the most clearly defined EMIC rising tone in this study is in the class of events with cutoff <400 keV as described by recent work (A. T. Hendry et al., submitted to, 2015) . The presence of electron precipitation with energies of~300 keV is confirmed through detailed modeling of observed riometer and AARDDVARK radio wave perturbations. The oxygen band rising tone EMIC-IPDP waves observed here appear to generate electron precipitation at lower energies than predicted through anomalous resonance and instead, suggest that nonresonant scattering processes could be occurring.
